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Abstract 
The main objective of the present paper is to make comparative study of different classical and modern control technique for the 
position control of computer numeric controlled (CNC) machine considered as most sophisticated mechatronic System. In this 
paper design and implementation of conventional Proportional Derivative (PD), Linear Quadratic Regulator (LQR ) - a modern 
control technique, Fuzzy Logic Proportional Derivative controller (An artificial intelligence based controller) with both Mamdani 
and Sugeno approaches and PD controller optimized using Genetic Algorithm for computer numeric controlled (CNC) machine 
tool is presented. The objective of the controllers is to control servo motor which in turn controls the machine tool. A 
comprehensive comparative analysis of all these control techniques is also presented. 
© 2016 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the Organizing Committee of ICACC 2016. 
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1. Introduction 
Mechatronic system design and analysis has been a matter of interest for many researchers. A mechatronic system 
is nothing but synergistic combination of computer, mechanical, electronics and electrical engineering. Seeing the 
prodigious application of CNC as important part of mechatronics engineering, it may be used as a test bed and 
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benchmark system for testing the efficacy of different controller. With this purpose in mind varieties of classical as 
well as modern controller has been used to see the relative efficacy of different controllers. Computer numerical 
Control (CNC) machines are automated mechatronic devices that make industrial components without direct human 
assistance. CNCs use coded form of instructions which are sent to computer, which in turn allows industries to 
fabricate parts precisely. There are prodigious applications of CNC machines, ranging from drills to plasma cutters, 
so that they can be used to make a wide variety of parts. In CNC, information as to the shape and size of the work 
piece is stored in a computer program. In simple words, a CNC system receives numerical data, interpret the data 
and then control the tool action accordingly. 
N. Minorsky was the first to introduce the three term Proportional, Integral and Derivative (PID) controller in 
1922 for the steering of the ships. Design and tuning of PID controllers have been a large research area ever since 
Ziegler and Nichols presented their method in 1942. Today different methods for tuning the PID controller such as 
internal model control, quarter decay ratio, hand tuning etc. are available [1]. The usefulness of PID controls lies in 
their simple construction and general applicability to most control systems. Linear Quadratic Regulatory (LQR) 
control is based on the themes of an optimal control principle. A control system that minimizes the cost associated 
with plant‘s total energy is called an optimal control system.  
The concept of Fuzzy Logic (FL) was first of all conceived by Lotfi Zadeh, a professor at the University of 
California at Berkley, who used partial set membership rather than crisp set membership function [2]. Fuzzy Logic 
does not require precise inputs, is inherently robust, and can process any reasonable number of inputs. Simple, plain-
language rule bases are used to describe the desired system response in terms of linguistic variables rather than 
mathematical formulas [3]. The numbers of these rules are dependent on the number of inputs, outputs, and the 
designer's control response goals. Design and implementation of the fuzzy logic proportional derivative controller 
with triangular membership function is illustrated in [4]. The knowledge is stored in form of a rule base i.e. a set of 
rules that expresses the relation between inputs of the system and the expected output. In this paper both Mamdani 
and Sugeno type fuzzy inference systems (FIS) are used. Genetic Algorithm (GA’s) is bio-inspired adaptive heuristic 
search algorithm based on the idea of natural selection and genetics. GA’s were invented to mimic some of the 
process observed in natural evolution theory. The idea behind GA is to use this power of evolution to solve 
optimization problems [5]. The father of the original Genetic Algorithm was John Holland who invented it in the 
early 1970’s. Varieties of other segment of robust, intelligent and optimal controllers are used for the design and 
control of different control system such as hybrid electric vehicle, sun seeker system and attitude control of aircraft 
system in [6-12] 
2. Modelling of CNC System and Open Loop Response 
Many systems operate under computer control and figure 1 shows details of the different components of CNC 
machine tool control system. As described earlier, CNC machines are automated milling devices that make 
industrial components without direct human assistance. They use coded instructions that are sent to computer, which 
in turn allows factories to fabricate parts accurately and quickly. Information relating to the shape of the work piece 
and hence the motion of the machine table is stored in a computer program. This is relayed in a digital format, in a 
sequential form to the controller and is compared with a digital feedback signal from the shaft encoder to generate a 
digital error signal. This digital error signal is then converted into an analogue control signal, which when amplified, 
drives a D.C. Servomotor. 
The block diagram representation of CNC machine tool is shown in figure2. The assumption here is that, lead screw 
is friction free. The numerical values used for analysis and simulations are given in table 1. 
From figure2 the open loop transfer function is 
ܩሺݏሻ ൌ ݔͲ
ሺݏሻ
ݑͳሺݏሻ
ൌ ܭͳܭʹ݊݌ሺ݌ʹ݉൅݊ʹ ݉ܫ ሻݏʹ ൅ ܭͳܭʹ݊ܪʹݏ
ሺͳሻ 
                                                       ܩሺݏሻ ൌ ݔͲሺݏሻݑͳሺݏሻ ൌ
ܭͳܭʹ݊݌
൫݌ʹ݉൅݊ʹܫ݉ ൯
ݏʹ൅ ܭͳܭʹ݊ܪʹ൫݌ʹ݉൅݊ʹܫ݉ ൯ݏ
ሺʹሻ 
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The open loop transfer function of the CNC machine tool system [6] is obtained by substituting the modelling 
parameters as provided in table 1 into the equation (2). Thus open loop transfer function obtained after substituting 
the aforesaid values is as given below. Open loop response of the CNC machine tool system to unit step input is 
shown in figure 3.   
ܩሺݏሻ ൌ ܺͲሺݏሻ
Ͳܷሺݏሻ
ൌ ͶǤͺͶͺݏሺݏ ൅ ͳͲǤ͹͹ሻሺ͵ሻ 
 
 
Fig.1 CNC machine tool system. 
 
 
Fig. 2 Block Diagram of CNC machine tool system 
Table 1. Modeling Parameters. 
Constant Notation Values 
Power amplifier gain ܭͳ  2 V/V 
DC Servomotor gain ܭʹ 4 Nm/V 
Pitch of the lead screw ݌ 0.05m 
Gear ratio ݊ 2:1 
Mass of work piece ݉ 50 kg 
Equivalent moment of inertia ݉ܫ  0.01 kgm2 
Feedback gain ܪͳ Unity 
Feedback gain ܪʹ 0.1 
 
 
Fig.3 Open loop response of the CNC machine tool system to unit 
step input. 
3. Proportional and Derivative Control 
At first the conventional proportional and proportional derivative control are applied to control the position of the 
CNC machine tool. Set point tracking of P and PD controllers is shown in fig. 4. 
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3.1. Linear Quadratic Regulatory Control 
One of the main methods in linear optimal control theory is the Linear Quadratic Regulator (LQR) in which a 
state feedback law is designed to minimize a quadratic cost function. In continuous-time domain, the optimal state 
feedback gain K, is calculated such that the quadratic cost function  
ܬሺݑሻ ൌ න ሺݔܶሺݐሻܳݔሺݐሻ൅ ݑܶሺݐሻܴݑሺݐሻሻ݀ݐ
∞
݋
ሺͶሻ 
is minimized by the feedback law ݑ ൌ െ݇ݔ subject to the system 
ݔሶ ൌ ܣݔሺݐሻ ൅ ܤݑሺݐሻሺͷሻ 
The calculated feedback law stabilizes the closed loop system. Q and R are weighting matrices over the states and 
inputs, respectively, balancing the optimization between the speed of convergence and the required control effort. 
Block diagram of LQR are shown in fig. 5. 
 
In designing LQR controller, LQR function in Matlab m-file can be used to determine the value of the vector K 
which determines the feedback control law. After appropriately weighing of matrix [Q] and [R] the optimal gain 
matrix is found to be            
ሾܭሿ ൌ ሾ͹ǤͶ͹ͻʹͳͲͺǤͶͲͶ͸ሿሺ͸ሻ 
The set point tracking response of the Linear Quadratic Regulator (LQR) for the CNC system with qualitative 
comparison to PD controller [7] is as shown in fig.6.  
 
 
Fig.4 Set point tracking of P and PD controllers. 
 
Fig 5. Block diagram of LQR. 
 
Fig.6 Qualitative comparison of LQR and 
PD controller. 
 
4. Fuzzy Logic Control 
The basic block diagram of the fuzzy logic controller is as shown in fig.7, in this paper positional form of fuzzy 
logic controller is used [7] and defuzzification is done using the Centroid method [8]. In fig.7 ܩ݅ͳ and ܩ݅ʹ are the 
input gains and ܩͲ is the output gain used for the scaling of the normalized membership functions.  
4.1. Fuzzy-PD Control With Mamdani Approach 
Membership functions for inputs and outputs are indicated in fig. 8. and fuzzy rule base for Mamdani method ig 
given in table2. 
 
Table 2. Fuzzy rule base for Mamdani method. 
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PM  NM  NS  Z  PS  PM  PB  PVB  PVB  PVB  
PB  NS  Z  PS  PM  PB  PVB  PVB  PVB  PVB  
PVB  Z  PS  PM  PB  PVB  PVB  PVB  PVB  PVB  
4.2. Fuzzy-PD Control With Sugeno Approach  
Membership functions for inputs are given in fig. 9 and Fuzzy rule base for Mamdani method are given in table3. 
 
Table 3. Fuzzy rule base for Mamdani method. 
E 
ce 
NVB  NB  NM  NS  Z  PS  PM  PB  PVB  
NVB -1 -1 -1 -1 -1 -0 75 -0 50 -0 25 0
NB  -1  -1  -1  -1  -0.75  -0.50  -0.25  0  0.25  
NM  -1  -1  -1  -0.75  -0.50  -0.25  0  0.25  0.50  
NS  -1  -1  -0.75  -0.50  -0.25  0  0.25  0.50  0.75  
Z  -1  -0.75  -0.50  -0.25  0  0.25  0.50  0.75  1  
PS  -0.75  -0.50  -0.25  0  0.25  0.50  0.75  1  1  
PM  -0.50  -0.25  0  0.25  0.50  0.75  1  1  1  
PB  -0.25  0  0.25  0.50  0.75  1  1  1  1  
PVB  0  0.25  0.50  0.75  1  1  1  1  1  
4.3. Fuzzy-PD Control: Mamdani Vs Sugeno Qualitative Analysis  
From qualitative analyses of the Fuzzy-PD Controller response for Mamdani and Sugeno inference methods it 
can be seen that both the approaches gave approximately the same response. Fuzzy-PD response comparison for 
Mamdani and Sugeno approach are shown in fig.10 and qualitative comparison of P, PD, LQR and Fuzzy-PD 
control (Sugeno inference) are shown in fig. 11. 
 
 
Fig.7 Block diagram of FLC. 
 
 
 
Fig.8 Membership functions for inputs and outputs. 
 
Fig.9 Membership functions for inputs.  
Fig. 10a Fuzzy-PD response comparison for Mamdani  
and Sugeno approach. 
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Fig. 10b Enlarged View of Figure 10. 
 
Fig.11 Qualitative comparison of P, PD, LQR and Fuzzy-PD 
control (Sugeno inference). 
5. PD-Controller with Genetic Algorithm Tuning 
The shape of the complete closed loop response, from time ݐ ൌ Ͳ until steady state has been reached, could be 
used for formulation of a dynamic performance criterion. Unlike the simple criterion that uses only isolated 
characteristics of the dynamic response (eg. decay ratio, settling time etc.), the criterion of this category are based on 
entire response of the process. The most often used are: 
Integral of the absolute value of error:   ܫܣܧ ൌ ׬ ȁ݁ሺݐሻȁǤ݀ݐ∞Ͳ  
Integral of the square value of the error: ܫܵܧ ൌ ׬ ݁ʹሺݐሻǤ݀ݐ∞Ͳ  
Integral of the time weighted absolute value of the error (ITAE): ܫܶܣܧ ൌ ׬ ݐȁ݁ሺݐሻȁǤ݀ݐ∞Ͳ  
Integral of the time weighted square of the error (ITAE): ܫܶܵܧ ൌ ׬ ݐ݁ʹሺݐሻǤ݀ݐ∞Ͳ  
The Genetic Algorithm uses the above Time-Integral Performance Criterion as objective functions for the purpose 
of tuning of gains (ܭ݌ ܭ݀ ) of the proportional derivative controller. The basic flowchart for GA is as shown in 
fig. 12 and the parameters used for GA tuning of gains for Proportional Derivative controller are given in table-4. 
 
 
Fig.12 Genetic algorithm flowchart. 
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Table 4 Parameters used for GA tuning of gains for Proportional 
Derivative controller. 
Parameter Value 
Number of Variables 02 
Population Type Double Vector 
Scaling Function Rank 
Selection Function Tournament 
Mutation Adaptive feasible 
Crossover Arithmetic 
Generations Default 100 
 
 
 
Fig. 13 Set point tracking response of PD controller after GA tuning 
for ISE criterion. 
 
Fig. 14 Set point tracking response of PD controller after GA tuning 
for IAE criterion. 
 
Fig. 15 Set point tracking response of PD controller after GA tuning 
for ITSE criterion. 
 
Fig. 16 Set point tracking response of PD controller after GA tuning 
for ITAE criterion. 
 
Fig. 17 GA tuned PD-Controller responses for different Time Integral 
Performance Criterion 
6. Results and Discussions 
Comparative results are given in table 5. The CNC machine tool system was studied with proper modeling to 
arrive at the open loop transfer function on which different control methodologies were applied to precisely control 
the motion of the machine tool table. Both qualitative and quantitative analyses were carried out for each control 
methodology. It was inferred that out of all the approaches the best response (with respect to transient and steady 
state response specifications) for position control of CNC machine tool table was obtained for proportional 
derivative control when tuned using genetic algorithm. The best tuning was obtained for the ITAE criterion. 
 
Table 5. Simulation Results 
Parameters 
 
 
Control 
Rise Time Settling Time 
Max. 
Overshoot (%) 
Steady state 
error (%) 
Gain 
Kp 
Gain 
Kd 
Performance 
index 
P 0.08 0.68 49.0 0.0 130 - - 
PD 0.39 0.70 0.0 0.0 130 21.66 - 
LQR 0.21 0.42 0.0 0.02 - - - 
Fuzzy_PD 0.21 0.3 0.0 0.0 - - - 
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Mamdani 
Fuzzy_PD 
TSK 
0.20 0.3 0.0 0.0 - - - 
GAÆISE 0.08 0.18 10.0 0.0 200 5.00 ISE=0.039 
GAÆIAE 0.11 0.185 4.00 0.0 186.6 6.29 IAE=0.084 
GAÆITSE 0.10 0.18 3.90 0.0 200 6.52 ITSE=0.021 
GAÆITAE 0.12 0.16 2.20 0.0 199.8 7.13 ITAE=0.089 
Gain Matrix for Linear Quadratic regulator is found to be [k] =[7.4729  108.4046] 
Value's of Gain for Fuzzy PD control Æ Gain for e = 0.98, Gain for ce = 0.07, Output Gain  = 75 
 
7. Conclusions 
The main objective of the present paper is to make comparative study of different classical and modern control 
technique for the position control of computer numeric controlled (CNC) machine. CNC being most important 
component of mechatronic system has been used as a benchmark to test the efficacy of different classical and 
modern controller. In this paper design and implementation of conventional Proportional Derivative (PD), Linear 
Quadratic Regulator (LQR ), Fuzzy Logic Proportional Derivative controller with both Mamdani and Sugeno 
approaches and PD controller optimized using Genetic Algorithm for computer numeric controlled (CNC) machine 
tool is presented. The objective of the controllers is to control servo motor which in turn controls the machine tool. 
A comprehensive comparative analysis of all these control techniques is presented. It is concluded that out of all the 
approaches the best response (with respect to transient and steady state response specifications) for position control 
of CNC machine tool table was obtained for proportional derivative control when tuned using genetic algorithm. 
The best tuning was obtained for the ITAE criterion. 
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